Background: The concepts of disaster risk reduction and disaster risk management involve the development, improvement, and application of policies, strategies, and practices to minimize disaster risks throughout society. Nowadays, preserving architectural heritage and ancient monuments from disasters is an important issue in the cultural life of modern societies. The "health" of a building/structure may be evaluate by its deterioration or damage level: monitor the aging and promptly detect relevant damages, play a central role, and structure dynamic characterization and microtremor analysis are considered powerful techniques in this field. A wide bibliography about structures/ buildings seismic dynamic characterization is counterpoised to a missing one about their seismic response during conservation/safety works. This paper focus on the seismic response and monitoring of a historical masonry embankment wall during the conservation works carried out after a riverbank landslide that seriously damaged it. Results: The H/V results of the acquired traces show that main resonance frequency of the masonry embankment wall is between 4 Hz and 15 Hz, in agreement with the frequency range of roughly 10-meters-high, squat and monolithic structure. The whole monitoring period can be divided into three intervals corresponding to three different kind of workings: i) piling work; ii) parapet breakdown, excavation, embankment arrangement and foot wall consolidation; iii) backfill and restoring of the original condition, ordinary construction activities. The maximum peak component particle velocity substantial increase during the second period. All the stations have a higher energy content in the 10-20 Hz frequency range, but the spectra analysis clearly shows that the NS component, perpendicular to the wall, is the most stressed one. Moreover, despite the considerable distance from the August 24 Central Italy earthquake epicentre, the earthquake waveform is clearly recognizable at each station. In fact, the energy is focused around 2 Hz and the signals show directivity neither for the spectrum nor for the H/V. Conclusion: This work may contribute to characterize the vibrations induced by piling work at close range, and help to define the maximum acceptable vibration pattern for such structures, since literature is missing of such case studies. The maximum peak component particle velocity values clearly showed the work advancement. This paper also shows how the H/V technique is a valuable method to estimate the resonant frequency not only of buildings, but also of a squat and monolithic structure like the Lungarno Torrigiani masonry embankment wall.
Background
Earthquakes, landslides, floods, and volcanic eruptions are the most relevant processes that potentially can damage or increase the risk of human beings, properties or environment itself (Alcantara-Ayala 2002; Binda et al. 2011; Lotti et al. 2015; Morelli et al. 2014, and Del Soldato et al. 2016) . They are usually classified as geohazards (Doornkamp 1989) , and also could involve the interaction of human activities (McCall 1992; Lekkas 2000, and Morelli et al. 2014) . Separate and distinguish the two mentioned contributions (natural and human) is very difficult, especially when a catastrophic event is greatly influenced by the anthropic intervention (Zulherman et al. 2006) . Risks, and damages associated with them, are not only caused by the natural phenomena, but also by the exposed elements vulnerability (Fedeski and Gwilliam 2007) . Although risk can be considered the combination of the probability that a threatening event occur, and its possible effects (Pazzi et al. 2016b) , it is a complex concept, and as vulnerability, is defined in many ways, depending on the contexts (Cardona 2004; Aven 2010; Pazzi et al. 2016a; Romão et al. 2016 ). According to Aven (2010) risk could be used to refer a) to situations associated with a small occurring probabilities but that could involve potential large consequences, b) to frequently occurring events with rather small consequences, and c) to occurrences which the possible outcomes and the associated probabilities are equal. Moreover, action and decision are implicit in the definition of risk since it requires to establish the interactions between the subjective risk perception and the scientific requisite for an objective measurement (Pazzi et al. 2016b) .
The United Nations Educational, Scientific and Cultural Organization (UNESCO) adopted in 1972 the Convention concerning the Protection of the World Cultural and Natural Heritage, an international treaty which seeks to encourage the identification, protection and preservation of cultural and natural heritage around the world considered to be of outstanding value to humanity. In order to define new approaches to reduce the disasters impact on society, i.e., to focus on Disaster Risk Reduction (DRR), and Disaster Risk Management (DRM), several international initiatives have been supported until today (Romão et al. 2016) . Among these, the first has been the Hyogo Framework for Action (HFA, https:// www.unisdr.org/we/coordinate/hfa) 2005-2015, which set targets and commitments for DRR. Nowadays, the HFA was replaced by the Sendai Framework for Disaster Risk Reduction 2015-2030 (SFDRR, http://www.unisdr.org/we/coordinate/ sendai-framework), which explicitly recognized the importance of preserving architectural heritage and ancient monuments, and the irreplaceable value for society of historical and cultural heritage. Nevertheless, even though cultural heritage has been recognized as a key resource to build resilient societies (Jigyasu et al. 2013) , the world architectural wealth is accumulating damages and heavy losses because of the materials deterioration and the exceptional events, both natural or man-made (Aguilar et al. 2015) . In civil engineering, the "health" of a structure is defined as its deterioration or damage level. Monitor the structures aging and promptly detect relevant damages, i.e., the "Structural Health Monitoring" (SHM) according to Chang et al. (2003) and Ceravolo et al. (2014) , play a main role to protect, repair, and consolidate the cultural heritage. Because of preservation needs historical structures cannot be analysed through invasive technique. Within this framework, remote sensing techniques (Tapete et al. 2013 ) and non-destructive methodologies like vibrationbased tests (Aguilar et al. 2015 ) a) provide information on the structure condition, and on existing damages, and b) allow to identify adequate remedial measures (Castellaro et al. 2008; Ceravolo et al. 2014; Pazzi et al. 2016c) .
Even thought the use of seismic noise technique in densely populated area is hardly to carry out because of the background noise due to the human activities, the structure dynamic characterization and microtremor analysis are considered powerful techniques in SHM. In fact, these methods are normally employed both to test the conservation status of buildings/structures as their natural frequencies, and to assess damping and modal shapes, that are directly related to the structural rigidity and integrity. The bibliography about buildings/structures seismic risk/vulnerability assessment, as well as their seismic dynamic characterization, is wide (Stewart and Fenves 1998; Ramos et al. 2010 , Fiaschi et al. 2012 , Barbieri et al. 2013 Casolo et al. 2013; Russo 2013; Asteris et al. 2014; Ceravolo et al. 2014; Aguilar et al. 2015; Lacanna et al. 2016 and references within, and Pazzi et al. 2016a, b) . On the other hand, papers about the seismic response of structures/buildings during conservation/safety works are missing, even thought the seismic vibration monitoring (SVM) is a technique widely used during these kind of works. This paper is focused on the seismic response and monitoring of the Lungarno Torrigiani (Florence, Italy) masonry embankment wall, during its conservation works after the May 25, 2016 riverbank landslides that seriously damaged it. After a brief description of the study area, and of the applied methodology, the result of the microtremor survey are given. Moreover, the effects of the August 24, 2016 Central Italy earthquake are shown. Static or dynamic analysis of the structure is beyond the scope of this study.
Study area
Since 1982 the inner centre of Florence is enumerated in the UNESCO World Heritage List (http://whc.unesco.org/en/list/ 174). The current geomorphological feature of the Florence floodplain is the result of a fluvial-lacustrine basin evolution, dated back to the Plio-Pleistocene epoch as a consequence of the northern Apennines orogenesis extensional phase (Bartolini and Pranzini 1981) . The bedrock mainly comprised the Ligurian units, and the paleo-Arno and other minor water-courses alluvial deposits (endorheic drainage system), according to Boccaletti et al. (2001) , reach a maximum thickness of 160 m (90 m in the centre of the city; in the study area: roughly from 9, Ponte Vecchio side, to 30 m, Ponte alle Grazie side). In the past, the Arno river reach that crosses the city of Florence has been subject to numerous riverbed rectifications and other hydraulic works, in order to contrast lateral movements, and to reduce flood risk and reclaim swamps. The first interventions in the urban area of Firenze date back to Roman times, and during the 12th century the whole river stretch was radically transferred to the current position (Morelli et al. 2012 (Morelli et al. , 2014 .
On May 25, 2016 a riverbank landslide occurred at about 6.00 a.m. because of the loss of potable water from the pipe. It was located between Ponte alle Grazie and the Ponte Vecchio on the left river bank of the Florence urban stretch of the Arno river. It involved a portion roughly 100 m long of the Lungarno Torrigiani masonry embankment wall (Fig. 1a, b) . The street next to the embankment Fig. 1 Study area: a satellite view of the study area before and b after the riverside landslide: the red box locate the roughly 100 m long embankment damaged by the riverside landslide; c collapse of the street next to the embankment viewed from Ponte alle Grazie side and d from Ponte Vecchio side; e cusp viewed from the bottom (Arno river); f Lungarno Torrigiani Poggi project: on left the embankment wall founded on wood piles, and on right the sewer pipeline located above the 5 m diameter tunnel; g painting "Ponte alle Grazie and Lungarno Torrigiani" by Fabio Borbottoni; h the pipe that probably generated the loss that triggered the riverside landslide wall collapsed (Fig. 1c) , and the earth fill material was fully retained by the embankment wall that was seriously deformed towards the Arno river, fracturing itself in three main areas (Fig. 1b, d ), but did not collapse. These three main fractured zones are a cusp (Fig. 1b, d , e), roughly in the middle of the damaged wall (Fig. 1b) , where is also concentrated the maximum landslide pressure, and two hinges, one on the side of Ponte alle Grazie, and the other one on the side of Ponte Vecchio (Fig. 1b, d ). The analysis of the landslide mechanism, of the involved volumes, and of the installed monitoring system will not be discussed in this paper.
The masonry embankment was built between 1865 and 1871 during the "Firenze Capitale" works coordinated by architect Giuseppe Poggi. According to the original Poggi's project a) the masonry embankment is founded on piles of wood, and b) below the street level runs a 5 m diameter tunnel aimed to drainage the water also coming from the historically unstable hill of San Miniato (Fig. 1f) . Above the tunnel is located a sewer pipeline (Fig. 1f) . The painting "Ponte alle Grazie and Lungarno Torrigiani" by Fabio Borbottoni (1820 Borbottoni ( -1902 shows that the whole embankment was further back from its current headquarters (Fig. 1g) . The pipe that probably generated the loss was installed in the late 50s -early 60s on the back of the embankment wall (Fig. 1h ). Structural damages of the left river bank masonry embankment wall are reported by historical chronical. In 1965 the Lungarno Soderini embankment wall, between Ponte alla Carraia and Ponte Vespucci, collapsed because of a landslide caused by the rupture of the 700 mm water pipes. 5,000 cubic meters of earth were involved, several people were injured, and one died. In 1990 a big crack with a length of 150 m was opened in the same embankment.
Methods
Ancient buildings have higher inherent damping than modern ones, thus they are less susceptible to ground excitations. Moreover, the diversity of materials, the inherent structural strength, the dynamic characteristic, and the construction methods could entail different resonance frequencies or no resonance at all for this type of structures (Asteris et al. 2014 and Plevris 2015) . All these aspects lead to lower vulnerability of ancient structures to human activities or traffic- On the other hand, worksite activities, such as piling work that generally operate using higher energy content, stress frequencies that could damage historical structures/buildings.
According to the national and international regulations the assessment of vibrations must be performed in relation to their effect on humans and structures. The UNI9916:2004 (Criteria for the measurement of vibrations and the assessment of their effects on buildings) specifies which parameters have to be measured and the methods of measurement, the characteristics of the employed instrumentation, and data processing, in order to evaluate the vibration phenomena and to allow the assessment of the vibration effects on buildings. It also classifies structure/ building damages according to the following terminology: architectural/threshold damages (also called cosmetic damages in the Appendix D.3 according to the regulation BS5228-4:1992: Noise control on construction and open sites -Code of practice for noise and vibration control applicable to piling operations) and major damages. The first ones are superficial or functional alterations that do not compromise the structural stability or the occupants' safety, while the last are structural damages that compromise the stability.
Nevertheless, this regulation does not provide any vibration well-defined limits, even thought in Appendix D it lists the standard values suggested by the BS7385:1990 (Evaluation and measurement for vibration in buildings.
Guide for measurement of vibrations and evaluation of their effects on buildings), and by the DIN4150-3:1999 (Erschütterungen im Bauwesen: Einwirkungen auf bauliche Anlagen -Vibrations in buildings: effects on manufactures). This last one is the on site measures standard reference allowing to obtain direct and rapid information on the occurrence of possible structure/building damages. It also classifies the buildings as follows: i) industrial or structurally similar buildings, ii) residential or structurally similar buildings, and iii) buildings worthy of being protected, i.e., cultural heritage. Moreover, according to both the BS7385:1990 and the DIN4150-3:1999, and consequently the UNI9916:2004, the peak particle velocity (ppv) is defined as the maximum value of the module of the velocity vector measured at a given point, while the peak component particle velocity (pcpv) is defined as the maximum value of one of velocity vector three components, measured at the same time at a given point. Finally, these regulations specify that the spectral analysis allows to identify the frequencies and amplitudes of the vibration harmonic components, and compare them with the building/structure resonance frequencies. In general, the vibration harmonic components analysis can be limited up to 250 Hz, or up to 100 Hz calculating the velocity. The Lungarno Torrigiani masonry embankment wall, according to the DIN4150-3:1999, is in class iii (buildings/ structures worthy of being protected). Therefore, its SVM was drawn up a) to define the resonance frequencies of the wall after the damages caused by the landslide, b) to quantify the vibrations to which the masonry embankment wall was subject during the conservation/consolidation activities (rotation and roto-percussion piling work to install D600 piles and D300 μ piles, both vertical or inclined), c) to verify the possibility of double resonance phenomena caused by workings, and d) to check compatibility with the relevant standards, and any critical conditions.
To set the SVM sampling frequency the fundamental frequency of the masonry embankment wall was evaluated by means of the the horizontal to vertical spectral ratio (H/V or HVSR) technique (Nakamura 1989; Lermo and Chavez-Garcia 1993; Fäh et al. 2001, and Carniel et al. 2006) , carried out by means of the commercial software Grilla®. The H/V method, in fact, has proven to be one of the most appropriate to estimate the fundamental/resonance frequency of soft deposits (Lermo and Chavez-Garcia 1994; Larose et al. 2015, and Pazzi et al. 2016d) , and also to study the interaction between soil and structures (Herak 2008 and Pazzi et al. 2016a, b) . Fig. 5 Spectral analysis of the Z, NS and EW components of the traces recorded by LGT101 station during i) piling work, ii) Embankment consolidation, i.e., parapet breakdown, excavation, embankment arrangement and foot wall consolidation (Arno river side), and iii) ordinary activities, i.e., backfill and restoring of the original condition, ordinary construction activities Del Gaudio et al. (2014) presented an overview of this technique. We assumed that the masonry embankment wall was a structure equivalent to a building of the same height. Therefore, the measures were carried out simultaneously (Pazzi et al. 2016a, b) on the top (orange dots in Fig. 2 ) of the masonry embankment wall (as it was the building's roof ) and at its foot (as it was the ground floor or the free field measure), both on the side of the river (orange dots in Fig. 2 ) and of the street (as it was a building floor, light yellow dots in Fig. 2b ). These 5 min long seismic noise records at 512 Hz were carried out on August 13th, by means of two Tromino®, the all-in-one compact 3-directional 24-bit digital tromometer developed by MoHo s.r.l.. The SVM was carried out from August 14 to October 10th, 2016 by means of three high gain triaxle velocimeters SS45 (own frequency 4.5 Hz), each one coupled with a SL06 24-bit digitiser, provided by Sara Electronic Instruments (red square in Fig. 2 ). The seismic stations were located onto the masonry embankment wall, in the three structurally more fragile and fractured areas:
LGT101 near the hinge on the side of Ponte alle Grazie, LGT102 near the cusp, and LGT103 near the hinge on the side of Ponte Vecchio. The NS component of each station was perpendicular to the wall, the EW parallel, and the Z was the up-and-down component. As shown in Fig. 2 (white boxes) , positive values of the NS component were associated with embankment wall Fig. 6 Spectral analysis of the Z, NS and EW components of the traces recorded by LGT102 station during i) piling work, ii) Embankment consolidation, i.e., parapet breakdown, excavation, embankment arrangement and foot wall consolidation (Arno river side), and iii) ordinary activities, i.e., backfill and restoring of the original condition, ordinary construction activities movements towards the Arno river (North North-East), while negative ones with movements towards the inside (South South-West), i.e., the street. Consequently, EW components positive values were associated with movements towards Ponte alle Grazie (East South-East), while negative values towards "Ponte Vecchio" (North NorthWest). To assess the true comparability of the Tromino® and Sara Electronic sensors responses, a "huddle test" ran for all the instruments prior to measurements.
The sampling frequency was 200 Hz since the detected vibrating frequencies range of interest was 1-100 Hz (Aguilar et al. 2015) . The Geopsy® software was employed a) to analyse, process, and carry out the spectral analysis of the whole dataset, since it applies the SESAME project (2004) standards and guidelines for processing ambient vibration data, b) to calculate the pcpv values four time a day (i.e., every 6 h), and c) to evaluate the directionality of each spectral peak (Del Gaudio et al. 2008) (Fig. 3 ).
Results and discussion
The H/V results of the traces acquired to evaluate the resonance frequency of the masonry embankment wall show that its main resonance frequency is between 4 Hz and 15 Hz, in agreement with the frequency range of roughly 10-m-high, squat and monolithic structure (according to the well know Pratt's equation, and Diaferio et al. 2015a, b) . The maximum pcpv values recorded during the rotation and roto-percussion piling work are listed in Table 1 . As expected, there is a substantial increase of the velocity values during the roto-percussion drillings. Figure 4 shows the LGT102 NS component (the most stressed) velocity distribution with respect to the vibration frequency. The most stressed frequencies (more than 300 time series) that exceed a pre-determined threshold set equal to 2.5 mm/s, according to the pcpv standard limits, are located in the range of 10-15 Hz (over 200 times) and 70-75 Hz (about 90 times). The velocity peaks > 3.50 mm/s have a frequency of roughly 5 Hz (Fig. 4) .
Taking into account the natural resonance frequency of the masonry embankment wall, double resonance phenomena could not be excluded. Since no case studies like this are available in literature, this paper may contribute to characterize the vibrations induced by piling work at close range. Moreover, it may help to Fig. 7 Spectral analysis of the Z, NS and EW components of the traces recorded by LGT103 station during i) piling work, ii) Embankment consolidation, i.e., parapet breakdown, excavation, embankment arrangement and foot wall consolidation (Arno river side), and iii) ordinary activities, i.e., backfill and restoring of the original condition, ordinary construction activities define the maximum acceptable vibration pattern for such structures. Nevertheless, the choice of a predetermined safety threshold, in terms of vibrational solicitations, both continuous and impulsive, is a difficult task in this case study because of the lack of a complete structural model of the masonry embankment wall. Only fragmentary information about the wall foundation and its internal structure are available.
For the aforementioned reason, we will simply present the results of the continuous monitoring. The whole monitoring period can be divided into three intervals corresponding to three different kind of (Figs. 5-7) clearly show that the NS component, perpendicular to the wall, is the most stressed one (consistently with preliminary tests observations) until the end of the piling work (16.09.2016, 1:00 p.m.). Detailed observation of the spectrum reveals that all the stations have a higher Fig. 8 Pcpv every 12 h of the three components a Z, b NS and c EW) of each station (LGT101: green, LGT102 blue, and LGT103 yellow). Red dashed lines separate the three time intervals corresponding to three different kind of workings (i) piling work, ii) Embankment consolidation, i.e., parapet breakdown, excavation, embankment arrangement and foot wall consolidation (Arno river side), and iii) ordinary activities, i.e., backfill and restoring of the original condition, ordinary construction activities) energy content in the 10-20 Hz frequency range, but each one exhibits different frequency peaks. Station LGT101 shows two close peaks at 14 Hz and 18 Hz and another one around 30 Hz; station LGT102 one single peak at 12 Hz, while station LGT103 records a main peak at 16 Hz, and a plateau at higher frequency . It is interesting to note that after the end of piling work (Figs. 5-7ii ) the spectral content is partially modified, both in amplitude and frequency content, respect to the previous time interval (Figs. 5-7i) . Moreover, the LGT102 amplitude (Fig. 6 ) is much higher (about two times) than the LGT101 and LGT103 amplitude value, that are comparable (Figs. 5-7) . On August 24, 2016 at 1:36:32 UTC (3:36:32 local time) a Mw 6.0 earthquake strike central Italy. The epicentre was located in Accumoli (RI) (Lat 42.698 Lon 13.234). Despite the considerable distance from the Lungarno Torrigiani SVM system, about 200 km away, the earthquake waveform is clearly recognizable at each station (Fig. 9) . It differs from the signals caused by the ordinary workings in terms of length, spectral content, and also because the solicitation affects all the components. Figure 10 shows the signals recorded by the three components at each stations during the earthquake Fig. 9 The August 24, 2016 traces recorded by the Lungarno Torrigiani SVM system: red box highlight the Central Italy earthquake main shock event, the spectrums and their directivity, and the H/V directivity. All the parameters values are comparable for hinge stations LGT101 and LGT103: the energy is focused around 2 Hz and the signal shows directivity neither for the spectrum nor for the H/V. On the other hand, the cusp station LGT102 shows a spectrum, of a lower amplitude order, with two main peaks (dashed green box in Fig. 10 ) suggesting that another contribute of energy is focused around 10 Hz. It can easily be seen that it is clearly polarized towards the NS direction, Fig. 10 August 24 Central Italy earthquake traces recorded by the Lungarno Torrigiani SVM system, their spectrums and spectrum directivities, and H/V directivity Fig. 11 Maximum pcpv values recorded at LGT101 station (peak > 3 mm/s). Positive values are associated with embankment wall movements towards the Arno river (North North-East), while negative ones with movements towards the inside (South South-West), i.e., the street. The circles radius is proportional to the peak frequency: the minimum frequency value (2 Hz, red circle) was recorded during the August 24 Central Italy earthquake according to the conservation works location, while, also at this station, the 2 Hz peak shows no significant polarization.
Nevertheless, the maximum pcpv values recorded at each station during the earthquake (red dot in Fig. 11 ) are comparable to those observed during the conservation works (light blue dots in Fig. 11 ). Finally, in contrast to the other two stations, LGT102 do not recorded velocity > 3 mm/s (Table 2 ).
In Fig. 12 the running spectrum (RS) shows the time evolution of the frequency content for both the conservation works (Fig. 12a) and earthquake signals (Fig. 12b) ; in this figure the spectral amplitude is shown by the coloured scale. The RS frequency content is constant for the signals induced by the conservation works (Fig. 12a ), while changes with time for the earthquake signal (Fig. 12b) . Moreover, the first type of vibrations shows lower amplitude at the hinge stations (LGT101 -LGT103) and higher at the cusp section, while for the earthquake signal is observed the opposite. This is probably caused by the different damage status at the cusp and at the hinges. It is also worth to note, as already pointed out in this paragraph, that vibrations caused by the conservation works have a higher frequency content (around 10 Hz) than those induced by the earthquake, according to the inelastic attenuation of waves propagating in the Earth with distance, which depends on the frequency (Lay and Wallace 1995) .
Conclusions
This paper shows how the H/V technique proved to be a valuable SHM method to estimate the resonant frequency not only of buildings, but also of a squat and monolithic structure like the Lungarno Torrigiani masonry embankment wall. Moreover, this work may contribute to characterize the vibrations induced by piling work at close range, and help to define the maximum acceptable vibration pattern for such structures, since literature is missing of such case studies. The pcpv values clearly showed the work advancement, and the Lungarno Torrigiani SVM indicated that the piling work stressed more the embankment wall section between Ponte alle Grazie hinge and the cusp, since the maximum velocities were recorded by the stations LGT101 and LGT102. The daily pcpv (maximum values along the perpendicular to the wall component) are comparable and sometime higher than those induced by a Mw 6.0 earthquake with an epicentre 200 km far. However, seismic vibration induced by conservation works have a higher frequency content than ones induced by an earthquake. Finally, comparing 1) the frequency content and amplitude value of the daily recorded signals at each station, 2) the frequency content recorded during a strong earthquake and the daily one, and 3) the response to different kind of stress of the the three structure sectors (the cusp and the two hinges), it can be reasonably said that the riverbank landslide modified the masonry embankment wall natural resonance frequency. Moreover, the hinge zones (corresponding to the stations LGT101 and LGT103) seem to be more sensitive to the vibration characterized by low-frequency content, such as earthquake waveform (as the are high-pass filters), while the cusp section (the most damaged one, where is located
LGT102) is more sensitive to vibration associated with on site works.
Further analysis of the earthquake swarm could provide interesting insights to establish a correlation between the structure sensitivity, earthquake magnitude and epicentre distance.
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